INTRODUCTION
According to data collected in the National Health and Nutrition Examination Survey (NHANES) during 2003 to 2010, 3.6 million noninstitutionalized persons in the United States had been infected with hepatitis C virus (HCV), of whom approximately 2.7 million had chronic infection 1 ; inclusion of populations not sampled in NHANES was later estimated to add at least 800,000 to the total number of persons with chronic infection. 2 However, only a small fraction of HCV-infected persons have been treated and only a modest subset of those, using interferon (IFN)-based therapy, have achieved a sustained viral response, considered a virologic cure. In an analysis of HCV-related clinical care provided during the era before availability of direct-acting antiviral treatment for HCV infection, investigators estimated that as of 2013 only 7% to 11% of all HCV-infected persons in the United States had been treated and only 5% to 6% had achieved sustained viral response. 3 The approval and release of second generation DAAs in the United States, beginning in late 2013, revolutionized treatment of hepatitis C and offered the potential for widespread reduction in HCV infection prevalence. Compared with earlier, entirely IFN-based regimens, these newer agents are highly efficacious, tolerable, and substantially shorten the duration of treatment, albeit expensive. [4] [5] [6] [7] [8] Despite studies attesting to the cost-effectiveness of DAA-based treatment, 9-13 the combination of high price and the large number of infected persons (approximately 800,000 persons in the United States met the criteria for high and highest priority for treatment, according to one estimate 14 ) has led private and public sector payers to limit patient access to these drugs. [15] [16] [17] Recently, however, a number of payers in rapid succession have eliminated requirements that limit DAAs to patients with advanced fibrosis. 18 To our knowledge, there are no existing estimates of DAA uptake in US general health care settings. Published assessments have been typically limited to numbers of prescriptions filled, in the absence of an established denominator of eligible HCV-infected patients (eg, pharmacy companies), or confined to payer types (eg, Medicaid) or provider systems (eg, Veterans Administration [VA]). [19] [20] [21] [22] [23] [24] Therefore, the objective of this analysis was to determine DAA uptake among HCV-infected patients in the Chronic Hepatitis Cohort Study (CHeCS), an observational study conducted at 4 geographically and demographically disparate US sites, and to determine patient characteristics associated with receipt of DAAs.
METHODS

Study Population
We used data collected from patients with chronic HCV infection enrolled in the CHeCS, a study whose composition and criteria for inclusion have been summarized previously. 25 Briefly, the cohort was created on the basis of analysis of electronic health records and administrative data (supplemented with individual chart review by trained data abstractors) of over 2.7 million patients (18 years or older) who had at least 1 clinical service visit (ie, outpatient or inpatient, emergency department, or laboratory test) between January 1, 2006 and December 31, 2014 at 4 sites: Geisinger Health System in Danville, PA; Henry Ford Health System in Detroit, MI; Kaiser Permanente-Northwest in Portland, OR; and Kaiser Permanente of Honolulu, HI. Complete follow-up observation data were available through August 31, 2015. Chronic HCV infection was confirmed based upon chart review and Z1 positive HCV-RNA tests before antiviral treatment. Data collected included patient demographics, medical encounters, receipt of and response to HCV antiviral therapy, and laboratory and biopsy results. The parent study protocol was reviewed and approved by an institutional review board at each participating site.
For the purposes of this substudy, uptake was defined as the proportion of patients in the chronic hepatitis C cohort still infected with HCV (ie, patients never treated and those who failed previous treatment) as of December 31, 2013 who were prescribed a DAA regimen (with or without IFN) from January 1, 2014 to December 31, 2014 and started the regimen by August 31, 2015. Treatment prescription and initiation was ascertained by electronic prescription and pharmacy records and confirmed by patient chart review (ie, actual physician/nurse notation in clinic notes). To determine the population of persons still infected with HCV and eligible for DAA therapy at the beginning of 2014, we limited the entire CHeCS hepatitis C cohort to patients who had had at least 1 hospital, clinic or emergency department visit, or pharmacy encounter during 2013, and excluded those who died or were treated and achieved a sustained virological response before January 1, 2014.
Statistical Analysis
After determining uptake, we compared the sociodemographic (ie, study site, age, sex, race/ethnicity, annual income according to census tract geocode, and insurance status) and clinical [ie, pretreatment Fibrosis-4 (FIB4) score among patients who initiated DAAs or most recent score before 2014 among those who did not, pre-2014 treatment status, body mass index, HCV genotype, Charlson comorbidity score, liver transplant history, and hepatitis B virus and human immunodeficiency virus (HIV) coinfection status] characteristics of patients who initiated and those who did not initiate DAA therapy during the study periods using logistic multivariable analysis, controlling for all variables in the model. FIB4 score, a noninvasive marker for hepatic fibrosis calculated using patient age, serum aminotransferase levels, and platelet count, was stratified into 4 categories (< 2.0, 2.0 to 3.25, 3.26 to 5.88, Z5.88), corresponding to progressively higher degrees of fibrosis, the latter category having been validated as predictive of cirrhosis in this cohort. 26 Three categories were used for the Charlson comorbidity index, corresponding to the number of medical comorbid diagnoses present at the time of HCV infection diagnosis (ie, 0, 1, Z2). 27, 28 All statistical analyses were conducted using SAS Enterprise Guide version 5.1.
We plotted the number of patients who initiated a DAA regimen during each month of the study interval (drugs prescribed during 2014 but could be initiated as late as August 31, 2015) , according to the agents included in the regimen. The regimens included sofosbuvir (SOF)-based without ledipasvir (LDV) [ie, SOF ± simeprevir or daclatasvir ± ribavirin (RBV)] and SOF with LDV ± RBV. No patients received an ombitasvir-containing regimen during the study period. We also examined the distribution of patients for whom the time interval between DAA prescription and initiation was <1 month, 1 to 3 months, and >3 months, and determined the provider type who prescribed the regimen (ie, gastroenterologist/hepatologist, infectious disease practitioner, primary care, or other).
RESULTS
The CHeCS chronic hepatitis C cohort during 2006 to 2014 comprised 17,750 patients. After excluding hepatitis C patients who had died (2975 or 17%) or were treated and cured before January 1, 2014 (2238 or 12%), and those without a clinical encounter during 2013 (3029 or 17%), 9508 patients were classified as still HCV-infected and thus potentially eligible to initiate a DAA regimen during the study period (Fig. 1 ). Among these 9508 patients, 58.7% were male, and 64.6% and 23.1% were non-Hispanic white and black, respectively; 79.8% were aged 41 to 70 years; 46.0% and 12.8% had private insurance and Medicaid, respectively; and 24.4% and 27.3% had an annual income <$30,000 and >$50,000, respectively. With regard to clinical characteristics, 17.5% had failed earlier treatment, 78.4% had HCV genotype 1 infection, 3.3% were HIV coinfected, 4.9% had had a liver transplant, and 13.7% and 13.8% had a pretreatment FIB4 score of 3.25 to 5.88 and >5.88, respectively (Table 1) .
Of the 9508 patients with HCV infection at the start of the study period, 544 (5.7%) initiated treatment from January 1, 2014 to August 31, 2015; 31 (5.7% of 544) initiated a DAA regimen that included IFN. Uptake was low even among patients with advanced liver disease, according to FIB4 score: 8.6% among those with a pretreatment score of 3.25 to 5.88 and 11.6% among those with a score >5.88 (Table 1) . Table 1 also shows the results of the multivariable analysis comparing characteristics of patients who initiated and those who did not initiate DAA treatment during the study period. Characteristics associated with receipt of a DAA regimen included higher annual income [adjusted odds ratio (aOR) 1.7; 95% confidence interval (CI), 1.2-2.3 and aOR, 2.3; 95% CI, 1.7-3.2 for income Z$30,000 to $50,000 and >$50,000, respectively, compared with <$30,000), higher FIB4 score (aOR, 1.4; 95% CI, 1.1-1.9; aOR, 2.0; 95% CI, 1.5-2.6; and aOR, 2.1; 95% CI, 1.6-2.8 for scores 2.0 to 3.25, 3.25 to 5.88, and >5.88, respectively, compared with a score <2.0), previous failed treatment (aOR, 2.0; 95% CI, 1.6-2.4, compared with no previous treatment), genotype 2 HCV infection (aOR, 2.2; 95% CI, 1.7-3.0, compared with genotype 1 infection), and HIV coinfection (aOR, 1.8; 95% CI, 1.2-2.8, compared with HCV monoinfection). Characteristics associated with a lower likelihood of DAA initiation included non-Hispanic Black race (aOR, 0.7; 95% CI, 0.5-0.9, compared with non-Hispanic white race), Medicaid coverage (aOR, 0.5; 95% CI, 0.3-0.8, compared with private insurance), and receipt of care at one of the study sites (aOR, 0.3; 95% CI, 0.2-0.5, compared with a study site that offered hepatology referral care). Figure 2 depicts the treatment initiation date among patients prescribed a DAA regimen in 2014, according to the number of patient regimens and DAA components of the regimen received. Among patients who initiated during the earlier phase of the period (January 2014 to October 2014), SOF-based regimens without LDV ± RBV predominated, whereas during the latter phase, and commensurate with its FDA approval in October 2014, SOF with LDV ± RBV was the principal regimen initiated. Nearly all treatment initiations in 2015 were from prescriptions for SOF with LDV ± RBV written in 2014. The distribution of intervals between prescription and treatment initiation dates are shown in Figure 3 : the interval was <1 months among 66% of patients, 1 to 3 months among 17%, and >3 months among 17%. Among provider types who prescribed DAA regimens, 87% were gastroenterologists or hepatologists, 12% were infection disease specialists, <1% were primary care providers, and <2% were "other" providers (Fig. 4) .
DISCUSSION
Our study is the first to estimate treatment uptake in a large cohort of patients with HCV infection in general health care settings during the first year following second generation DAA approval in the United States. A particular advantage of the CHeCS is that data are collected from patients under real-world conditions, in the absence of a study protocol that dictates to providers the type and frequency of clinical assessment and interventions. Furthermore, patients in the CHeCS represent a variety of sociodemographic backgrounds, have access to primary care providers and specialists, and have their clinical care financed through the private and public sector. As the study sites encompass broad catchment areas in their respective regions of the country, we believe our findings are likely representative of HCV care in other general US health care settings. We were also able to establish a denominator of HCV-infected patients who were potentially eligible to receive DAAs in 2014, from which we were able to estimate treatment uptake in the entire cohort.
In this analysis, we found that only 5.7% of HCVinfected patients potentially eligible for treatment in the CHeCS initiated a DAA regimen prescribed in 2014. Reports of DAA uptake in other US settings, which include the VA, are slightly better. A recent report from the VA of nearly 150,000 patients estimated that 10.2% had received treatment during the first 16 months of DAA approval. 24 In 2 separate studies evaluating much smaller cohorts of HIV/HCV coinfected patients, DAA treatment uptake was 14% and 6% over time periods similar to the VA report. 29, 30 We found that receipt of DAAs was associated with sociodemographic and clinical characteristics. Higher annual income, non-Medicaid insurance coverage, and white race were independently associated with receipt of DAAs, as were severe liver disease (ie, higher FIB4 score), genotype 2 infection, previous treatment failure, and HIV coinfection. Patients affiliated with one of the sites, a staff model health maintenance organization, had a 70% reduced odds of treatment compared with a tertiary hepatology center, suggesting that access to specialty providers or restrictive drug formulary policies may have affected receipt of DAAs. Although American Association for the Study of Liver Diseases/Infectious Diseases Society of America (AASLD/IDSA) HCV treatment guidelines at the time noted that it was "most appropriate to treat those at greater risk of disease complications before treating those with less advanced disease," 31 we found that DAA uptake was low even among patients with moderate to severe liver disease (ie, 8.6% among those with a pretreatment FIB4 score of 3.25 to 5.88 and 11.6% among those with a score >5.88). HCV-infected patients with HIV coinfection are at high risk for liver disease progression and, accordingly, were among those groups listed as high priority for DAA treatment in the earlier iteration of HCV treatment guidelines; we found that HIV coinfected patients in our study were nearly twice as likely to receive DAAs compared with those with HCV monoinfection. Patients in our study who had previously failed treatment were twice as likely to receive DAAs as those never treated, which may have reflected more advanced liver disease in the former, and some data suggest that IFN failure may exacerbate the progression of liver disease. 32, 33 Although patients with genotype 2 infection constituted only 10% of the cohort, they were twice as likely to receive DAAs compared with patients with genotype 1 infection, perhaps reflecting that genotype 2 infection is easier to cure. In the pre-DAA era, patients with genotype 2 had a relatively high frequency of sustained viral response to IFN-based treatment. 34 In our multivariable analysis, we controlled for study site, race, treatment history, income, and insurance status, so it is not apparent that the frequency of these covariates among patients with genotype 2 infection affected our finding.
Restriction of DAA access among Medicaid beneficiaries has been well-described in the literature and widely reported in the press, 15, 16, 35 and indeed, Medicaid patients in our study had a 50% reduced odds of receiving DAAs compared with those with private insurance. We also found that black patients had a 30% reduced odds of receiving DAAs compared with whites, and patients with lower annual income less likely to receive DAAs compared with those with higher annual incomes. Similarly, in the aforementioned VA study, black patients had of a 21% reduced odds of DAA treatment compared with whites. 24 As a disproportionate number of persons with HCV infection are black, as are those with low income, our findings highlight the urgent need for targeted efforts to improve access to DAAs.
It is important to be mindful that our uptake estimate is likely high in the context of all patients in these CHeCSaffiliated health care organizations. In an earlier study of CHeCS patients, we estimated that only one-half of HCV infections expected in the study population from which the cohort was drawn had been identified through testing 36 ; among these patients, 17% had advanced liver disease at the time of diagnosis, indicating long-term infection despite having had, on average, 6 years in their respective health systems. 37 Therefore, the denominator we used in this study to estimate uptake could likely have been substantially higher if all HCV-infected patients in the CHeCS-affiliated health care organizations had been identified, and thus have resulted in a lower uptake estimate. This underscores the importance of testing and identifying all patients with HCV infection so that access to treatment can be monitored and completely delivered.
It is also important to note that what we estimated was effective uptake, in the sense that our measurement was dependent purely on the number of patients who actually started DAA treatment, and not on the basis of what uptake might have been if all DAA prescriptions written by providers in 2014 had been filled and consumed. It is certainly possible that some providers, after failed attempts to gain approval for prescriptions for some patients on the basis of insurance or liver fibrosis status, may have decided not to attempt prescribing for other such patients. Thus, our estimate of uptake was unlikely to be reflective of provider preferences, prescription practices, or awareness of DAA treatment indications; on the contrary, it was more likely shaped by systemic factors affiliated with drug costs and payer policies. As our study interval coincided with the period immediately after approval and release of the second generation DAAs, it is quite possible that estimates of DAA uptake in subsequent years may reveal improvement, in some degree stemming from decreasing drug costs and more permissive prescription policies from payers and drug benefit managers. In this respect, this study will serve as a baseline against which estimates of uptake during future periods can be compared. There are several limitations to this analysis. As mentioned, our period of study encompassed the first calendar year after approval of the second generation DAAs. Since then, reduction in systems barriers, drug costs, and availability of newer agents may have improved uptake. Although our study cohort is large and reflective of real-life clinical care at 4 sites across the United States with broad catchment areas, these results may not be generalizable to other settings or cohorts with different characteristics. Also, having to rely primarily on electronic health data made it difficult to discern and quantify the effect of other factors potentially associated with uptake; these could include other patient-related (eg, drug/alcohol use, mental health issues, awareness of disease severity/treatment options), provider-related (eg, awareness of and futility related to known systems barriers to treatment approval), and systems-related (eg, limited availability of DAAs on formularies, eligibility restrictions imposed by payers) factors. It is possible, too, that some patients could have been prescribed a regimen in 2014 but left the CHeCS before initiating the regimen, thus falsely lowering our estimate of uptake. Although we reviewed electronic prescription records and fill orders, supplemented by patient medical chart review, it is possible that we missed a small number of patients who were prescribed DAAs in 2014 and initiated by August 2015. Such an oversight, too, would have led to our providing a falsely low uptake estimate.
Current HCV treatment guidelines state "treatment is recommended for all patients with chronic HCV infection, except those with short life expectancies that cannot be remediated by treating HCV, by transplantation, or by other directed therapy." 31 In that respect, with an annual uptake of 5.7%, which amounted to 544 patients treated per year, it would take 17.5 years to treat our entire HCVinfected cohort, and in the meantime those left untreated would experience progressive liver injury and accrue greater health care costs. According to model-based predictions, even if annual treatment capacity (with highly efficacious antiviral agents) was unlimited beginning in 2014, by 2050 the cumulative incidence of decompensated cirrhosis cases, hepatocellular carcinoma cases, liver-related deaths, and liver transplants in the United States would be 165,100, 149,200, 280,400, and 24,500, respectively. 38 Aside from improving DAA access by dramatically reducing the price of drugs, which has begun to occur as the result of market forces 39 increasing treatment capacity will entail increasing the number of providers who are trained (and permitted by payers) to administer them. As our study revealed, approximately 99% of prescribing providers were medical subspecialists; most of these were gastroenterologists or hepatologists, and only a small fraction overall (12%) were infectious disease physicians. Expansion of the number of treating providers will need to involve the inclusion of primary care clinicians, as there insufficient numbers of subspecialists (gastroenterologists, hepatologists, and infectious disease specialists) in the United States to be the sole DAA prescribers. [40] [41] [42] To this end, the advent of pan-genotypic DAAs and shorter-course regimens should reduce the complexity of treatment, enabling more clinicians to be involved in the treatment of HCV-infected patients. 
